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In (11) 
in the fluid domain for the Laplace equation (1),
for the b.c. on the free surface (2),
for the no-flux condition at the bottom (3) and finally
for the kinematic condition on the flaps (5). In expression (17), Ω m = iωΘ m 170 for the sake of brevity. Now assume for φ the same decomposition argument
171
as that of Adamo & Mei [29] (see eq. 2.4), for which
In the latter, φ S = φ I +φ D is the scattering potential, solution of the problem 173 in which the flaps are all held fixed in incoming waves. In turn φ S is the sum 174 of the incident wave potential 
in the fluid domain, together with the boundary conditions 
199
Now separate the vertical dependence of the spatial potentials by using the
where the ϕ D n (x, y) and ϕ α n (x, y) are, respectively, two-dimensional (2D) diffrac-202 tion and radiation potentials in the (x, y) plane. In (24) the Z n are the 203 well-known vertical eigenmodes
where κ 0 = k, κ n = ik n and the k n are the real solutions of the dispersion 
for the vertical eigenfunctions (25) yields the following system of equations
209
for the diffraction and radiation potentials:
in the 2D fluid domain and
on each flap m = 1, 2, . . . , M. In expression (29)
are real values depending on the system parameters. Finally, it is required 
where 
In the latter, the b nαβp are complex coefficients which assure that the ra- with a numerical collocation scheme, so that (33) is semi-analytical.
238
In order to solve the problem fully, the pitching angles Θ m in the de-composition (13) must now be determined. This can be done by considering 240 the equations of motion of the system (7), on one flap -say the βth flap
241
-at a time. Substituting the factorisation (13) for the total potential and 242 the pitching angles into (7), together with (18), (19), (24), (A.3), (A.5) and
243
(A.9), yields after some lengthy algebra
for β = 1, . . . , M, where the potential inside the surface integral in (7) has 245 been evaluated by using the thin-plate approximation (10). In (34), 
is the nondimensional exciting torque acting on the βth flap when all the 251 flaps are fixed in incident waves, while
and
are, respectively, the nondimensional added mass and radiation damping 
The latter relations are used in this paper to test the accuracy of the nu- . By introducing the matrix components
the system (34) can also be rewritten in the matrix form
which is more convenient for implementation in numerical routines (see also
269
[8]). Finally, once the Θ β are known from (34) or (40), the average absorbed 270 power over a cycle is determined by substituting the second of (13) together
271
with the physical scales of (11) into (9), which then yields
Fully numerical solution

273
A finite-element model (FEM) based on the software COMSOL Multi- 
285
Unlike the semi-analytical model of §2.3, the numerical model is able to reproduce virtually any array layout, for arbitrary angle of incidence of the incoming waves, indeed at larger computational cost (see §2.5). The finiteelement method is used which ensures an excellent reproduction of domains with complex geometries. Tetrahedral elements are used to model threedimensional bodies, as shown in figure 3. Let us define a reference frame by considering x ′ the longitudinal horizontal direction, z ′ the vertical direction, pointing upwards, and y ′ the remaining horizontal direction originating from the center of the numerical domain. Similar to the semi-analytical model, the numerical model is based on the assumptions of irrotational flow, inviscid fluid, small-amplitude waves and small movement of the flaps with respect to the wavelength and to the water depth. As a consequence, the flow field is governed again by the Laplace equation (1), the kinematic-dynamic boundary condition on the free surface (2), the no-flux condition at the bottom (3) and the kinematic condition on the wet boundary of the flaps (4), conveniently re-written in the form (see [35] )
In the latter, n x ′ represents the x ′ component of the normal to the flap surfaces at rest and r ′ is the distance between any point on the flap sides and the hinge axis, for each flap. The flaps are initially considered at rest position: θ figure 3 ), which also allows the waves reflected back by the device to freely leave the computational domain:
In the latter,
′ and α n is the angle formed by the incoming wave direction with the outgoing normal to the considered boundary. At the remaining lateral boundaries, a sink term is imposed, obtained by using a mathematical formulation [36, 37] which allows the waves propagating outwards to freely exit the computational domain:
The solution of the flow field is then used to fully determine the flap kine- 
Computational aspects
292
The semi-analytical model of §2.3 has been implemented on a parallelised Furthermore, the semi-analytical model will be used to investigate the de- 
371
Already for T ′ ≥ 7 s, A F is larger than 1, which reveals that the system 372 effectively converts the incident wave motion into pitching motion. 
3-flap system
374
A similar analysis is now made for a more complex system of three in- 
Parametric analysis
394
A strong point of the analytical approach of §2.3 is that it easily allows 395 to highlight the system dependence on its main parameters, i.e. the number 396 of flaps and the flap spacing, at minimum computational cost. identical WECs, an interaction factor can be defined as the ratio between the 428 total power P ′ extracted by the system and M times the power P 
where P ′ m is the power output by the mth device and the maximum must two-flap system, the three-flap system and the infinite array described above. 
Influence of flap spacing
460
In this section we investigate the parametric dependence of an in-line 461 array of OWSCs on the flap spacing, with the semi-analytical model of §2.3.
462
A system of two in-line flaps is considered, with w The PTO coefficient is again the same for both converters, i.e. η analysed here shows that loss of symmetry in the system can be detrimen-564 tal to the array efficiency. Such mechanism could be partially prevented by 565 using an appropriate control of the PTO system and an optimisation of the 566 geometric layout.
567
The analysis performed in this paper assumes monochromatic incident 568 waves. In real seas, the presence of several spectral wave components would 569 certainly modify the system behaviour. Nevertheless, the fundamental dy-570 namics would be still governed by the mechanisms discussed in this paper.
571
In particular, in random seas the near-resonant behaviour of the array could 572 be exploited by designing the flap spacing so that the resulting q-factor curve 573 couples well with the wave spectrum of the incident sea. However, we expect 574 wave interaction effects to be weaker in random waves than in monochro- H. 
J 1 is the Bessel function of first kind and first order and σ = 0.577 215 . . .
650
the Euler constant. Then also expand the unknown jumps in potential as
where U p is the Chebyshev polynomial of the second kind and order p ∈ N,
652
while the a nmp and b nαmp are unknown complex coefficients to be determined. 
where the orthogonality property of the Chebyshev polynomials has also been 657 used [see 19]. In (A.10)
are complex coefficients which can be evaluated numerically. Expression (A.10) defines two different systems of linear equations for given n and α, both valid for any v β ∈ (−1, 1). The unknowns are the complex coefficients a nmp and b nαmp of the series expansions (A.9). Note that in (A.10) the term C nβp indicates the nth mode, pth order contribution of the βth-flap on itself, while D nβγp indicates the nth mode, pth order contribution of the γth-flap on the βth-flap. As discussed by Renzi & Dias [19, 20, 22] , systems like (A.10) can be solved numerically with a collocation scheme by truncating the external summation to a finite integer p = P and evaluating the coefficients (A.11) and (A.12) at the specific points
for any β, which correspond to the zeros of the Chebyshev polynomials of 660 the first kind. As a consequence, (A.10) transforms into
The first system (upper line of A.13) yields the series coefficients a nmp for 662 the jump in potential of the diffraction problem P nm (A.9), for each modal stepping algorithm to assemble the time independent matrices only once.
710
The Generalized-α method is used. This is a one-step implicit method for 
